A novel magnetic calcium silicate hydrate composite (Fe 3 O 4 @CSH) was proposed for phosphorus (P) removal and recovery from a synthetic phosphate solution, facilitated by a magnetic separation technique. The Fe 3 O 4 @CSH material was characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), powder Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), zeta-potential and magnetic curves. The chemical composition and structure of Fe 3 O 4 @CSH and the successful surface loading of hydroxyl functional groups were confirmed. Phosphate adsorption kinetics, isotherm, and thermodynamic experiments showed that adsorption reaches equilibrium at 24 h, with a maximum adsorption capacity of 55.84 mg P/g under optimized experimental conditions. Adsorption kinetics fitted well to the pseudo second-order model, and equilibrium data fit the Freundlich isotherm model. Thermodynamic analysis provided a positive value for ΔH (129.84 KJ/mol) and confirmed that phosphate adsorption on these materials is endothermic. The P-laden Fe 3 O 4 @CSH materials could be rapidly separated from aqueous solution by a magnetic separation technique within 1 min. A removal rate of more than 60% was still obtained after eight adsorption/desorption cycles, demonstrating the excellent reusability of the particles. The results demonstrated that the Fe 3 O 4 @CSH materials had high P-adsorption efficiency and were reusable.
INTRODUCTION
Phosphorus (P) is a non-renewable resource and a non-substitutable component of all living organisms, and it also plays a prominent role in eutrophication of water bodies (Cordell et al. ; Mayer et al. ) . Excess P can be discharged into the aquatic environment through agricultural runoff and sewage discharge, and currently, most P used in industry and agriculture is obtained from natural phosphate rock deposits, which are being progressively depleted on a global scale (Correll ; Gilbert ) . Eutrophication and excessive natural resource consumption are some of the most formidable challenges facing global society, and it is therefore essential to control P emissions and achieve P recovery.
To date, various physicochemical approaches have been developed and applied to recover P from wastewater, including chemical precipitation, crystallization, filtration, membranes, electrochemical techniques, biological uptake, adsorption, and anion exchange (Jordaan et (CSH) has been extensively investigated for crystallization due to its extremely slow Ca 2þ release, alkalinity supply capacity, unique morphology, and good adsorption properties (Guan et al. ; Okano et al. ) . In a seeded crystallization process, suitable seed materials with an isomorphic crystal plane initiate and promote the deposition of calcium phosphate (Ca-P) onto the surface of seeds at a low saturation index, mainly by eliminating the energy barrier (Song et al. ) . CSH is a hydration product of physical and chemical binding between siliceous and calcareous substrates, and it usually coexists with other crystal phases such as calcium hydroxide (Ca(OH) 2 ) and unreacted phases (Li et al. ) . Previous studies have demonstrated that the effectiveness of CSH materials is dependent on synthetic conditions, including the silicon material, Ca/Si molar ratios, the hydrothermal reaction temperature and time, and the stirring strength, which consequently influence the chemical components, microscopic morphology, and microstructure of materials (Guan et al. ; Okano et al. ) . Pladen CSH has been shown to have good reactivity, settleability, filterability, dewatering, and feasibility compared to P precipitated with conventional CaCl 2 and Ca(OH) 2 , and it therefore shows promise for P recovery (Okano et al. ) . One previous study recovered a Ca-P product with a total P content of 18.64%, comparable to natural phosphate rock (Guan et al. ) . Although the CSH system has been investigated for decades, the difficulty in separating fine crystallites after crystallization has limited its practical application to wastewater treatment and P recovery. For practical operation to be economically viable, the recovered P loaded onto CSH particles should settle as quickly as possible, resulting in high recovery efficiency. Thus, a significant challenge in P recovery by crystallization is the exploration of novel, high-performance, quickly separated, and easily recycled seeds to achieve easy, low-cost P recovery from wastewater.
Over the past decades, magnetic nanoparticles (MNPs, particularly magnetite [Fe 3 O 4 ]) have received considerable attention for their unique nano-sized and morphologydependent physico-chemical properties, and for their biocompatibility, magnetic properties, and strong P-binding affinity and capacity (Daou et al. ; Drenkova-tuhtan et al. ; Tang & Lo ; Yoon et al. ) . A convenient, compact, and efficient P-recovery system in wastewater treatment could be developed based on these properties. Direct use of 20 nm Fe 3 O 4 particles for phosphorus recovery has been investigated previously, and a maximum adsorption capacity of 5.03 mg P/g was reported (Yoon et al. ) . However, due to high surface free energy, Fe 3 O 4 MNPs with fewer functional groups are susceptible to air oxidation and leaching under acidic conditions, and prone to aggregation in aqueous solutions, which reduces the P-removal capacity and restricts the range of applications for these materials (Tang & Lo ; Zong et al. ) .
Furthermore, the adsorption capacity of Fe 3 O 4 MNPs is relatively low, and further enhancement is required.
CSH incorporated into Fe 3 O 4 MNPs is one system that may enhance the feasibility of P recovery and address the issues discussed through improved efficiency and settleability. In this study, we report a novel synthesis method for magnetic calcium silicate hydrate composite (Fe 3 O 4 @CSH) materials via dynamic hydrothermal synthesis in an autoclave. Various synthetic conditions were pre-screened to determine the most effective system for phosphate adsorption from a synthetic phosphate solution. The as-prepared materials were characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, powder Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), zeta-potential, and magnetic curves to better understand the adsorption mechanisms of phosphate. In addition, adsorption kinetics and equilibrium isotherm models were used for data analysis, and thermodynamic parameters calculated. Kinetic, equilibrium, and thermodynamic experiments were performed to characterize the phosphate adsorption performance of the magnetic composite materials, and the reusability of the materials was demonstrated over eight adsorption/desorption cycles at the laboratory scale.
MATERIALS AND METHODS

Materials
Ferric chloride hexahydrate (FeCl 3 · 6H 2 O, !99.0%), polyethylene glycol (EG, !99.9%), ethanol (EtOH, !99.7%), sodium hydroxide (NaOH, !99.0%), hydrochloric acid (HCl, 36-38 wt%), and potassium dihydrogen phosphate (KH 2 PO 4 ) were purchased from Sinopharm Chemical Reagent Co., Ltd (Wuxi, China). Sodium acetate anhydrous (NaOAc, !99.0%), trisodium citrate dehydrate (Na 3 Cit, !99.0%), and calcium oxide (CaO, >98%) were purchased from Shanghai Chemical Reagent Co., Ltd (Shanghai, China). White carbon black (mainly SiO 2 , spherical particles with a homogeneous 10-μm diameter) was purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). All chemicals were of analytical grade and were used without further purification.
Synthesis of Fe 3 O 4 @CSH materials
The synthesis of Fe 3 O 4 MNPs was conducted using a solvothermal method based on previous studies (Song et al. ; Wang et al. ) . FeCl 3 · 6H 2 O (4.05 g), NaOAc (4.0 g), and Na 3 Cit (2.16 g) were dissolved in EG (120 mL). Then, the mixture was stirred vigorously for 40 min, sealed in a Teflon-lined stainless-steel autoclave (heating power ¼ 0.8 kw), and heated at 200 C for 8 h. After cooling to room temperature, the resulting Fe 3 O 4 MNPs were washed several times with ultra-pure water and ethanol, and then dried under vacuum at 70 C for 8 h prior to further use.
The novel Fe 3 O 4 @CSH materials were synthesized from the as-synthesized Fe 3 O 4 MNPs, CaO, and SiO 2 using a dynamic hydrothermal synthesis method. The optimized Fe 3 O 4 @CSH formulation was as follows: asprepared Fe 3 O 4 (1 g), white carbon black (1.29 g), and CaO (2.66 g) dissolved in 150 mL of ultra-pure water, and homogenized by ultrasonication for 15 min at room temperature. This homogeneous mixture was poured into an autoclave and hydrothermally reacted at 170 C for 7 h, with stirring at 90 rpm. The resulting products were removed after the temperature and pressure were reduced to atmospheric conditions. The as-prepared particles were washed thoroughly several times with ultra-pure water to remove any excess ions, and the washed precipitates were then dried at 70 C overnight and finely pulverized for phosphate adsorption.
Characterization of materials
The morphology of the as-prepared materials was determined using SEM (Hitachi S4800, Japan) and TEM (JEOL JEM-1200EX, Japan) at an accelerating voltage of 120 kV. FTIR spectra were recorded at a resolution of 4 cm À1 in the range 400-4,000 cm À1 using a spectrometer (FTIR, Nicolet 6700, USA) with KBr pellets at room temperature. XRD analysis was conducted on a diffractometer (XRD, Bruker D8 Advance, Germany) using a Cu Kα source (λ ¼ 1.5406 Å). The Brunauer-Emmett-Teller (BET) surface area and micropore area were measured using a surface area analyzer (ASAP-2460e, Micromeritics, USA) through the nitrogen adsorption experiment. A zeta potential analyzer (Zetasizer Nano ZS, Malvern, UK) was used at room temperature for zeta potential measurements. XPS experiments were conducted using an ESCALAB 250XI system multi-detection analyzer (Thermo Fisher Scientific, USA) fitted with monochromatized Al and Ka (ha ¼ 1,486.6 eV) X-ray sources at a residual pressure of 10 À8 Pa. All binding energies were referenced to the C1s peak at 284.5 eV. Magnetic measurements were carried out in a vibrating sample magnetometer (VSM, Versalab, USA) in the magnetic field range of À30 to 30 kOe, and the saturated magnetization of the materials was measured through the plotted magnetization curves.
Adsorption experiments
Phosphate adsorption experiments on the as-prepared materials were performed by a batch adsorption technique at 25 ± 1 C. For kinetic studies, several 100-mL phosphate solutions of known initial concentration (20 mg P/L) were placed into 250-mL conical flasks with a fixed adsorbent dosage (0.6 g/L) for a range of reaction times (0.08 and 24 h) at a range of temperatures (25 C, 35 C, 45 C). Adsorption isotherm experiments were conducted by suspending 0.06 g of the adsorbents in 100-mL phosphate solutions with initial P concentrations ranging from 20 to 55 mg P/L at room temperature. The solutions were maintained at an initial pH (about 5.35) without artificial pH adjustment unless otherwise stated, and shaken at a speed of 150 rpm using a reciprocating thermostatic shaker for both adsorption kinetics and isotherm experiments. The cyclic experiments were performed with eight adsorption/desorption cycles of Fe 3 O 4 @CSH to test the reusability of the particles. The phosphate desorption experiments were conducted by suspending P-loaded Fe 3 O 4 @CSH particles in a desorption solution (1 M HCl) with an adsorption-to-desorption volume ratio of 10:1 for 24 h. Thereafter, the recycled particles were reused for the next cycle of the phosphate adsorption experiment. For all adsorption experiments, phosphate removal from synthetic phosphate solutions was facilitated by rapid magnetic separation using an external magnetic field. After magnetic separation, the P concentrations in supernatants were analyzed by the molybdenum blue colorimetric method (Murphy-Riley method) (Murphy & Riley ) with absorbance measured using UV 9100 B UV-vis spectrophotometer at a wavelength of 700 nm corresponding to the maximum absorption of phosphate. The amount of adsorbed phosphate was calculated by the difference between initial and final P concentrations in solution using the following Equation (1).
where, q e is the phosphate adsorbed at equilibrium, C 0 is the initial P concentration in solution (mg P/L) and C t is the P concentration (mg P/L) in any time; V is the volume of solution (L) and W is the dry mass of adsorbents (g).
The P removal efficiency (η) was calculated through the following Equation (2).
where C 0 is the initial P concentration in solution (mg P/L) and C e is the P concentration at equilibrium (mg P/L). Each batch experiment was performed in triplicate, and the mean data as well as experimental errors were reported.
Adsorption models
Utilization of the appropriate chemical model can provide useful information for further understanding the underlying adsorption mechanisms. From the perspective of view, three kinetic adsorption models, the pseudo first-order (Equation (3)), pseudo second-order (Equation (4)) and Elovich (Equation (5)) kinetic models (Sen & Bhattacharyya ) , were employed to fit and analyze the kinetic experimental data.
where q e and q t are the phosphate adsorbed (mg P/g) at equilibrium time (h) at time t (h), respectively; k 1 and k 2 were the kinetic rate constants of the pseudo first-order and pseudo second-order kinetic models (h À1 ), respectively; α and β represent the initial adsorption rate constant (mg P g À1 h À1 ) and the Elovich adsorption constant (g mg P À1 ), respectively. In order to further understand the phosphate adsorption mechanism and evaluate the efficiency of Fe 3 O 4 @CSH materials, adsorption equilibrium was established and depicted by a plot of the adsorbed P and the residual P (C e -q e ) in the solution. Wherein, initial P concentration as a variable parameter was designed to investigate the isotherms of phosphate adsorption onto these particles in sufficient time (24 h). Three typical isotherm models (Freundlich (Equation (6)), Langmuir (Equation (7)), and Redlich-Peterson (Equation (8)) isotherm models) (Foo & Hameed ) , were adopted to fit and analyze the data of adsorption isotherm experiments.
where q e is the phosphate adsorbed in the adsorbents; C e is the P concentration (mg P/L) at equilibrium; K F , K L and K R are the Freundlich isotherm constant (L/g) related to adsorption capacity, the Langmuir isotherm constant (L P mg À1 ) and the Redlich-Peterson isotherm constant (L/g), respectively; 1/n is the Freundlich isotherm constant (dimensionless) related to the adsorption capacity; Q max is the maximum P adsorption capacity (mg P/g); a R and g are the Redlich-Peterson constant related to the affinity of the binding sites (L P mg À1 ) and the Redlich-Peterson isotherm exponent (dimensionless) related to the adsorption intensity, respectively.
Further, a thermodynamic model was proposed to study the effect of temperature on P adsorption and subsequently determine the phosphate-adsorption mechanism. The thermodynamic experiment as a function of different temperatures was performed to characterize the adsorption of phosphate onto the surface of Fe 3 O 4 @CSH materials. Accordingly, the obtained experimental data were employed to conduct thermodynamic analysis by the following equations (Goswami & Purkait ) .
whereas ΔG 0 is the change in Gibb's free energy, ΔS 0 is the change in entropy, ΔH 0 is the change in enthalpy, R is the universal gas constant 8.314 J/mol/K) and T is the experimental absolute temperature (K); K e and a are the equilibrium constant (dimensionless) and the adsorbent dosage (g/L) respectively.
To obtain thermodynamic model parameters, a curve of In(K e ) versus 1/T was plotted, and fitted with Equation (11). The values of ΔS 0 and ΔH 0 were calculated from the slope and intercept of the plot, and the value of ΔG 0 was calculated using the Van't Hoff Equation (9); K e was determined by the method described in Lyubchik et al. .
RESULTS AND DISCUSSION
Characterization of materials
The morphology, structure and magnetic property characterization results for the synthesized materials are summarized in Figure 1 . As shown in Figure 1 Figure  1 (b) and 1(d) show that the Fe 3 O 4 @CSH materials were spherical, with an average diameter of about 400 nm. This increase in diameter indicates successful coating of silica and calcium layers. The surface functionalization with CSH could not be seen in the TEM image, perhaps because the modification reaction occurs only on the particle surfaces, and the grafted molecular layer was too thin to be identified using TEM (Zhao et al. ) . The BET surface areas of the particles were measured using micropore analysis; the results showed that the CSH coating led to a slight decline in the Fe 3 O 4 surface area from 77.1 to 66.8 m 2 /g, perhaps due to the increased particle size and the agglomeration of CSH with Fe 3 O 4 .
FTIR spectroscopy was conducted to identify changes in surface functional groups on Fe 3 O 4 @CSH before and after phosphate adsorption; the results are shown in Figure 1 . From these results, it can be concluded that the silica layer was coated successfully on the particle surfaces. In addition, the FTIR spectra of Fe 3 O 4 @CSH after phosphate adsorption show a new broad band around 1,038 cm À1 (Figure 1(e) @CSH material spectrum, possibly caused by the OH stretching vibration peak on the silica or magnetite surface. A large number of OH groups on the particle surface can contribute to the adsorption of phosphate. The structure of the prepared materials and the phosphate removal mechanism was investigated further by XRD; the XRD patterns are shown in Figure 1(f) . Figure 1(f (Table 2) . This indicates the possibility that strong surface complexation occurred between O-Si-OH and phosphate. As shown in Figure 2 , notable differences in the O 1 s XPS spectra were observed before and after phosphate adsorption. A new peak associated with P-O is clearly observed in the O 1 s XPS spectrum of Fe 3 O 4 @CSH after phosphate adsorption, implying that the phosphate was adsorbed on Fe 3 O 4 @CSH and complexed with OH-containing functional groups, consistent with the FTIR result. To determine the possible bonding of P with the adsorbent, Fe 2p XPS spectra of Fe 3 O 4 @CSH before and after phosphate adsorption were measured and analyzed (Figure 2 , Table 3 ). Figure 2 shows six relative peaks to Fe 2p, at 710.1 and 723.7 eV corresponding to Fe 3 O 4 , and at 712.0, 725.6, 720, and 733.6 eV, respectively, corresponding to FeOOH or containing Fe 3þ composites. The small variation in FeOOH binding energy after phosphate adsorption could be attributed to a small amount of phosphate adsorption onto Fe 3 O 4 @CSH complexed with Fe-containing functional groups.
The zeta potential of Fe 3 O 4 @CSH before and after phosphate adsorption was measured to determine the surface charge state of the adsorbent. The zeta potential data as a function of the pH of MNPs are shown on a zeta potential curve in Figure 3(a) . The zeta potential values of Fe 3 O 4 @CSH showed a significant decrease over the whole pH range after phosphate adsorption. The zero charge (pH PZC ) of Fe 3 O 4 @CSH was 5.82 (Figure 3(a) ), higher than that of the pH 5.35 solution. Therefore, this adsorbent acts as a positive charge and attracts the negatively charged phosphate (H 2 PO 4 À , HPO 4 2À ) electrostatically. The pH PZC of P laden Fe 3 O 4 @CSH decreased from 3.92 to 2.82 with (Figure 3(b) ). This phenomenon results from the presence of silica and calcium layers that can attenuate the magnetization of Fe 3 O 4 , alongside the decrease in the magnetite fraction (Zhao et al. ) . Despite this decrease in the saturation magnetization, magnetic separation can be realized within 1 min by dispersing particles in solution and then placing a magnet close to the glass bottle.
Adsorption kinetics, isotherm, and thermodynamic analyses
Adsorption kinetics
High P adsorption rates are desirable for economically viable phosphate removal and recovery from wastewater.
Fe 3 O 4 @CSH materials were employed to adsorb phosphate from 20 mg P/L synthetic P solution at 25 C, 35 C, and 45 C over a range of time periods. As shown in Figure 4 , the kinetics in all cases showed a sharp initial slope in the first 1 h by comparison with other references (Nero et al. ; Fang et al. ) , indicating that adsorption equilibrium was reached in a short time. This short equilibrium time can be attributed to the superior physicochemical adsorption of phosphate and to specific surface properties (e.g. porosity) that contribute to accelerated phosphate adsorption. The rapid adsorption kinetics demonstrate that this material has good potential for practical application to adsorption of phosphate from wastewater. Kinetic parameters can be determined from the slope and intercept of a plot of t-q t based on the application of Equations (5)-(7) to the experimental data in Table 4 . As shown in Table 4 , the correlation coefficients (R 2 ) indicate that the kinetic data fit the pseudo second-order model better than the pseudo first-order and Elovich models. A comparison of R 2 values indicates that phosphate adsorption on this material involved a chemisorption process. In addition, an increase in adsorption with increasing temperature was observed, indicating that a higher temperature results in considerably enhanced adsorption. Equilibrium experimental data were fitted to the pseudo second-order model. The calculated equilibrium adsorption capacities (q e , mg P/g) were very close to the experimental equilibrium adsorption capacities (q exp , mg P/g) as shown in Table 4 .
Adsorption isotherms
To further understand the phosphate adsorption mechanism and evaluate the efficiency of Fe 3 O 4 @CSH materials, adsorption equilibrium was established and visualized using a plot of adsorbed P and residual P (C e -q e ) in the solution. The initial P concentration was designed as a variable parameter to investigate the isotherms of phosphate adsorption onto these particles over 24 h. As shown in the adsorption isotherms ( Figure 5(a) ), Fe 3 O 4 @CSH materials exhibited a very strong adsorption affinity for phosphate, and it is clear that the modification with silica and calcium layers enhances the sorption capacity of MNPs considerably.
As shown in Figure 5(a) , the isotherm exhibited a steep initial slope, suggesting that Fe 3 O 4 @CSH materials can act as effective adsorbents at relatively low P concentrations. From the correlation coefficients (R 2 ) and Chisquare (χ 2 ) analysis in Table 5 , it appears that the Freundlich isotherm model was the best fit for describing the equilibrium isotherm data, implying that adsorbed phosphate forms a monolayer surface coverage on the Fe 3 O 4 @CSH and that chemisorption is the predominant adsorption mechanism. These results are consistent with the strong surface complexation between phosphate and OH functional groups; the possible reaction mechanisms are given in (1) and (2). The maximum adsorption capacity (Q m ) of the material obtained from the Freundlich isotherm model using Equation (13) was 55.84 mg P/g, higher than the magnetic adsorbents reported in previous literatures (Table 6) .
Thermodynamic analyses
Calculated endothermic parameters are presented in Table 7 . The negative values of ΔG 0 (À10.45 to À19.86 KJ/mol) calculated across the entire temperature range illustrate that adsorption of phosphate on these particles was spontaneous. Greater phosphate adsorption capacity was observed at higher temperatures, from 25 C to 45 C, as shown in Figure 5(b) , indicating that the adsorption process was endothermic. Further, the order of phosphate adsorption on the Fe 3 O 4 @CSH in Figure  5 (b) decreases as the phosphate adsorbed increases due to the Sorbent Concentration effect (Cs-effect) (Voice & Weber ) . The diffusion rate of adsorbate molecules to the external layer of the adsorbents increased with increasing temperature because of the decrease in viscosity (Lyubchik et al. ) . The positive value of ΔH 0 (129.84 KJ/mol) shown in Table 7 also indicates the endothermic nature of the adsorption processes. Therefore, higher temperatures are more favorable for phosphate adsorption. The positive value of ΔS 0 (470.76 J/K mol) indicates an increase in disorder at the solid-solution interface during the adsorption process; this disordered state is mostly due to the combination of phosphate with particle sites to form stable structures. The results demonstrate the strong affinity of the adsorbent to phosphate under optimized batch conditions.
Reusability of Fe 3 O 4 @CSH materials
The Fe 3 O 4 @CSH materials reuse improves the economic and environmental benefits of this material and increases its potential for practical application. The reusability of the material was therefore investigated over eight adsorption/ desorption cycles using these particles in phosphate solution (20 mg P/L), and the results are shown in Figure 6 . Fe 3 O 4-@CSH materials can maintain relatively high capacity over eight cycles (over 60%), although a slight reduction in phosphate adsorption occurred with increasing cycle number. After desorption, the adsorbed phosphate was concentrated in a caustic solution with a high P content. To recover P from this solution, calcium-containing chemicals (e.g., CaCl 2 , Ca(OH) 2 ) should be added to the alkaline solution to convert the phosphate to calcium phosphate fertilizer for use in agriculture. This reusability indicates that, through a simple process, Fe 3 O 4 @CSH materials can act as potential adsorbents for practical environmental remediation and resource recovery. 
CONCLUSION
In this study, an innovative magnetic calcium silicate composite material (Fe 3 O 4 @CSH) was synthesized and investigated for removal and recovery of phosphate from synthetic phosphate solution under optimized experimental conditions. Characterization of Fe 3 O 4 @CSH before and after phosphate adsorption by SEM, TEM, FTIR, XRD, XPS, zeta potential, and magnetic measurement indicated that phosphate adsorption was mainly dependent on chemisorption, and phosphate could be quickly separated by an external magnet. Based on observed experimental data, this research demonstrated that Fe 3 O 4 @CSH is effective for phosphate adsorption, with a maximum adsorption capacity of 55.84 mg P/g. The pseudo second-order model provided the best fit to the kinetic data and demonstrated that the adsorption of phosphate on Fe 3 O 4 @CSH occurred rapidly through chemical adsorption. The equilibrium data fitted well to the Freundlich isotherm model, implying dominant chemical adsorption by the formation of Ca-P precipitation, consistent with characterization results. Thermodynamic analysis suggested that phosphate adsorption to Fe 3 O 4 @CSH was a spontaneous and endothermic process. Additionally, Fe 3 O 4 @CSH was shown to be reusable over eight adsorption/desorption cycles. The results indicate that this material has great potential for phosphate recovery in practical applications.
